We present the 1.1 millimeter Bolocam Galactic Plane Survey (BGPS) observations of the Gemini OB1 molecular cloud complex, and targeted NH 3 observations of the BGPS sources. When paired with molecular spectroscopy of a dense gas tracer, millimeter observations yield physical properties such as masses, radii, mean densities, kinetic temperatures and line widths. We detect 34 distinct BGPS sources above 5σ = 0.37 Jy beam −1 with corresponding 5σ detections in the NH 3 (1,1) transition. Eight of the objects show water maser emission (20%). We find a mean millimeter source FWHM of 1.12 pc, and a mean gas kinetic temperature of 20 K for the sample of 34 BGPS sources with detections in the NH 3 (1,1) line. The observed NH 3 line widths are dominated by non-thermal motions, typically found to be a few times the thermal sound speed expected for the derived kinetic temperature. We calculate the mass for each source from the millimeter flux assuming the sources are isothermal and find a mean isothermal mass within a 120 ′′ aperture of 230 ± 180 M ⊙ . We find a total mass of 8,400 M ⊙ for all BGPS sources in the Gemini OB1 molecular cloud, representing 6.5% of the cloud mass. By comparing the millimeter isothermal mass to the virial mass within a radius equal to the mm source size calculated from the NH 3 line widths, we find a mean virial parameter (M vir /M iso ) of 1.0±0.9 for the sample. We find mean values for the distributions of column densities of 1.0 × 10 22 cm −2 for H 2 , and 3.0 × 10 14 cm −2 for NH 3 , giving a mean NH 3 abundance of 3.0 × 10 −8 relative to H 2 . We find volume-averaged densities on the order of 10 3 − 10 4 cm −3 . The sizes and densities suggest that in the Gem OB 1 region the BGPS is detecting the clumps from which stellar clusters form, rather than smaller, higher density cores where single stars or small multiple systems form.
INTRODUCTION
The availability of millimeter bolometer arrays has made possible large-scale, blind surveys of the cold dust most closely associated with star formation (e.g., Enoch et al. 2007; Motte et al. 2007; Aguirre et al. 2010; Schuller et al. 2009 ). Such blind millimeter continuum surveys can identify the clumps where massive stars and clusters are born without the requirement of a signpost of massive star formation, such as maser emission (e.g., Palla et al. 1991; Plume et al. 1992; Plume et al. 1997; Beuther et al 2002; Mueller et al. 2002; Shirley et al. 2003) , radio continuum emission (e.g., Ramesh & Sridharan 1997; , infrared sources (e.g., Molinari et al 2000; Kumar et al. 2006; Kumar & Grave 2007; Robitaille et al 2008) , or infrared colors (Wood & Churchwell 1989) . Infrared dark clouds (IRDCs; regions of high density seen in absorption against the diffuse mid-IR background which are thought to represent the earliest stages of massive star formation) provide another way to find regions of massive star formation (Rathborne et al. 2006; Jackson et al. 2008 ), but only if they lie in front of extended mid-IR emission. However, IRDCs are seen in emission at mm wavelengths, allowing the BGPS to detect the earliest stages of massive star formation at larger distances where a significant mid-IR background is absent or too much foreground mid-IR emission is present.
Galaxy-wide millimeter continuum surveys, in conjunction with distance information, will allow us to determine the physical properties of a vast number of sources and begin answering some important questions. What is the impact of environment on star formation? How do the physical properties of clumps, such as size, mass, and mean density vary as a function of Galactocentric radius and proximity to a spiral arm? Answering these questions will provide a greater understanding of star formation in our own Galaxy. Also, by characterizing the distribution of dense gas clumps in our own galaxy, we can better understand the aggregate emission of clumps in distant galaxies where the dense gas structures cannot be resolved.
In this paper, we refer to clumps as distinct bound regions within molecular clouds that will form entire stellar clusters, and cores as the regions within clumps that will form a single star or small multiple system (e.g., Williams et al. 2000) . Clumps can be characterized with masses ranging from 50 − 500 M ⊙ , sizes ranging from 0.3 − 3 pc, mean densities ranging from 10 3 − 10 4 cm −3 , and gas temperatures ranging from 10−20 K, while starless cores can be characterized by masses from 0.5 − 5 M ⊙ , sizes of 0.03 − 0.2 pc, mean densities of 10 4 − 10 5 cm −3 , and gas temperatures between 8 and 12 K (Bergin & Tafalla 2007) .
The Bolocam Galactic Plane Survey (BGPS) is one of the first millimeter surveys of the northern Galactic plane (Aguirre et al. 2009) , and has cataloged 8,358 sources ). The BGPS consists of two parts: a blind survey of the inner Galaxy, and a targeted survey of well-known star-forming regions in the outer Galaxy. The inner Galaxy survey coverage is continuous over −10
• < l < 90.5
• , and the outer Galaxy coverage includes IC1396, the W3/4/5 region, 4 square degrees towards the Perseus Arm (near NGC 7538), and the Gemini OB1 molecular cloud. With a large range in Galactic longitude, the BGPS provides the opportunity to study star formation in drastically different environments.
Millimeter continuum emission detected in the BGPS can arise from all objects along a line of sight, from a few hundred pc to the other side of the Galaxy; distances to BGPS sources are not known a priori. With recent improvements to kinematic models of the Galaxy (e.g., Pohl et al. 2008) and VLBI parallax distances (Reid et al. 2009 ), radial velocities can yield kinematic distances. Molecular spectral lines also provide information regarding the kinematics within each source. Ammonia (NH 3 ), in particular, is an excellent tracer of dense gas which also provides information regarding the line of sight velocity dispersion, kinetic gas temperature, column density and mass (e.g., Ho & Townes 1983; Zinchenko et al. 1997; Swift et al. 2005; Rosolowsky et al. 2008; Foster et al. 2009 ). Pairing the 1.1 mm continuum data with NH 3 observations allows complete characterization of both the gas and dust properties (e.g., Rosolowsky et al. 2008; Foster et al. 2009) .
In this paper, we present the results of an NH 3 survey of the BGPS sources in the Gemini OB1 molecular cloud. In §2 we provide an overview of the structure and previous observations of the Gemini OB1 molecular cloud. We briefly describe the BGPS and NH 3 surveys and data reduction in §3, and present the parameter estimation methods in §4. In §5 we discuss the basic results of the BGPS and NH 3 in the Gemini OB1 molecular cloud, and in §6 we discuss the derived physical properties in detail. We compare our results to previous studies in §7.1, and explore the effects of distance on the derived properties in §7.2. Finally, we present a summary in §8. In future work, we will present GBT+BGPS observations of sources at low Galactic longitudes.
Studying the Gem OB1 region is particularly useful because the BGPS sources in this region are located in the same molecular complex and thus have similar distances (Carpenter et al. 1995a; Carpenter et al. 1995b) . We are able to investigate the physical properties of this subset of BGPS sources without the ambiguity introduced by a large range of distances seen for the sample as a whole. This paper will serve as a Galactic anti-center comparison for a study of NH 3 observations of BGPS sources at a range of Galactic longitudes in the inner Galaxy (M. K. Dunham et al., in prep.) .
GEMINI OB1 MOLECULAR CLOUD
Gemini OB1 is an OB association centered near (l, b) = (189
• , 1 • ) which was first identified by Morgan, Whitford, & Code (1953) . It became known as Gem OB1 when Humphreys (1978) compiled a list of the brightest OB stars in the Milky Way, cataloging 20 OB stars as belonging to the association. Many groups have studied the association and found distances ranging from 1.4 kpc to 1.9 kpc (Crawford et al. 1955; Hardie et al. 1960; Georgelin et al. 1973; Humphreys 1978) . There is also a significant spread in age amongst the association members, with ages ranging from 2 Myr (Grasdalen & Carrasco 1975) to 10 Myr (Barbaro et al. 1969) .
The Gemini OB1 molecular cloud was first identified as an enhancement of emission in the Columbia 12 CO survey of the Galactic plane (Dame et al. 1987) , and spans a 6
• × 6
• area on the sky (Huang & Thaddeus 1986) . There are many star-forming regions in the Gem OB1 molecular cloud, including well-known HII regions S247, S252, the group S254, S255, S256, S257, and S258 (hereafter referred to as S254-258), S259, S261 (Sharpless 1959) , and BFS 52 as well as a supernova remnant, IC 443. Reid et al. (2009) used the VLBA to measure the parallax of methanol masers in S252, and found a distance of 2.10 ± 0.026 kpc, which we adopt in this study.
Studies of 12 CO and 13 CO in the Gem OB1 molecular cloud show abundant arc and ring-like filamentary structure (Carpenter et al. 1995a; Kömpe et al. 1989) . Carpenter et al. (1995a) mapped 32 square degrees of the Gem OB1 molecular cloud in 12 CO(J = 1 − 0) and 13 CO(J = 1 − 0) with 50 ′′ sampling and 45 ′′ and 50 ′′ resolution respectively. They suggest that the filamentary structure is comprised of molecular material which has been swept-up by the expanding HII regions and wind blown bubbles. They conclude that the high column density regions where star formation is currently occurring were formed through the interaction of newly formed stars and the surrounding molecular material. Carpenter et al. (1995a) split the cloud into 7 separate regions and find that 3 regions (S247, S252, and S254-258) contain active star formation based on higher H 2 column densities (> 10 22 cm −2 ) and warmer kinetic temperatures (10 to 30 K). Carpenter et al. (1995b) identified 11 clumps within the 12 CO filaments using CS(J = 2 − 1) observations (55 ′′ resolution), all with masses greater than 100 M ⊙ . They found that at least eight of the 11 clumps have associated IRAS point sources. Carpenter et al. (1995b) also conducted a near-infrared imaging survey of a 30 ′ × 45 ′ area surrounding S247, including three of the CS clumps. They found that each of the three clumps contains a cluster of stars in the near-infrared images. Chavarría et al. (2008) identified 510 young stellar objects (YSOs) with near or mid-IR excess in the S254-258 Dobashi et al. (2005) are shown in inverted grayscale ranging from -0.5 to 4.0 magnitudes. The OB association members (Humphreys 1978) are shown as stars. The HII regions (Sharpless 1959) and IC 443 are shown as circles sized to match the extent of the region. The dashed line marks the area mapped in 12 CO and 13 CO by Carpenter et al. (1995a) , and the solid line marks the extent of the 1.1 mm BGPS maps.
complex using a combination of Spitzer IRAC and nearinfrared data. They classify 87 Class I sources, and 165 Class II sources, and find that 80% of the YSOs are in clusters surrounded by a more evenly distributed population. Figure 1 shows the extinction maps of Dobashi et al. (2005) for the Gemini OB1 molecular cloud. OB association members are shown as stars (Humphreys 1978) , HII regions (Sharpless 1959) and IC 443 are shown as circles with sizes corresponding to the source size. The extent of the 12 CO and 13 CO maps of Carpenter et al. (1995a) is marked by the dashed line, while the solid line shows the extent of the BGPS map presented in this paper. 
Observations
The Gem OB1 region was observed in two 3
• ×1
• groups of observations, centered at (l, b) = (189 • , 0.5 • ) and (192 • , 0 • ), with a shallow observation centered between the two main groups to aid in mosaicing the images (see Figure 2) . The centers were selected to place the most active star-forming regions (S247, S252, and S254-258) within our mapped region. Observations were carried out at the Caltech Submillimeter Observatory (CSO) as part of the BGPS between 9 and 13 September 2007. The survey used the Bolocam instrument 16 , which has a hexagonal array of 144 bolometers. The Bolocam filter is centered at 268 GHz with a bandwidth of 45 GHz, and was designed to exclude the 12 CO(2 → 1) emission line. Each bolometer beam is well approximated by a Gaussian with a FWHM of 31 ′′ , and the bolometer separation results in an instantaneous field of view of 7.5 ′ . For the BGPS, the effective beam size after processing many scans is 33 ′′ for the current release (Aguirre et al. 2010) . For more instrument specific details, see Glenn et al. (2003) and Haig et al. (2004) . Observations were obtained using the raster scan mode, with alternating scans directed along l and b. The scan speed was 120 ′′ s −1 , and chopping was not utilized in these observations, thereby retaining some sensitivity to large scale structure up to the angular size of the array (see Aguirre et al. 2010 for more detailed analysis).
Reduction
At millimeter wavelengths, the detected signal is dominated by the atmosphere, making the sky cleaning algorithm extremely important. Bolocam's individual bolometer beams overlap substantially in the lower atmosphere such that they probe similar columns of atmosphere, facilitating sky subtraction. The iterative mapping method utilizes principal component analysis (PCA) and considers all observations for a given field simultaneously. In our iterative mapping method, the temporally correlated signal is first subtracted from the time streams. This subtraction removes both the atmosphere and all astrophysical structure larger than the array field of view. The remaining time stream, which in principle should contain only astrophysical signal, is then mapped with 7.2 ′′ ×7.2 ′′ pixels, deconvolved from the beam, and returned to a time stream. The time stream containing only astrophysical signal is subtracted from the original to produce a third time stream (summing the subtracted astrophysical signals to make a source map) that represents an estimate of the noise. The above procedure is then repeated for 50 iterations on the deconvolved astrophysical signal time stream to produce the final map. This procedure can be fine-tuned to balance the retention of large-scale structure against production of artifacts (such as negative bowls) around bright sources. The iterative mapping method resulted in a 1-σ RMS noise of 0.070 Jy/beam in the Gemini OB1 image. For more specific information on the BGPS reduction, see Aguirre et al. (2010) . The iteratively mapped BGPS image is shown in Figure 2. The millimeter sources in our maps are highly clustered and are found in three groups, while the remainder of the image is strikingly devoid of millimeter emission. This clustering is in contrast to the inner Galaxy regions also included in the BGPS, where a similarly sized image would contain hundreds of sources [see Aguirre et al. (2010) 
NH 3 Survey of BGPS Sources
The NH 3 pointings are displayed in Figures 3−5 as crosses, diamonds, and asterisks. Since the NH 3 pointings were chosen prior to completion of the BGPS catalog, they do not necessarily correspond to the peak positions of the millimeter emission determined by the source extraction algorithm (see §4.1). Crosses mark the positions closest to the peak of the millimeter emission, diamonds mark extra NH 3 pointings within each source, and the asterisks mark the positions of NH 3 pointings which correspond to a mm source but do not have a detection in any of the NH 3 transitions.
Observations
We observed 56 NH 3 pointings in the Gem OB1 region using the Robert F. Byrd Green Bank Telescope 17 17 The GBT is operated by the National Radio Astronomy Observatory, which is a facility of the National Science Foundation, operated under cooperative agreement by Associated Universities, Inc. The BGPS sources with NH 3 spectra are shown as black ellipses, while BGPS sources without NH 3 spectra are shown as white ellipses. The NH 3 pointings are shown as crosses and diamonds. Crosses denote pointings closest to the peak of the millimeter emission, while diamonds denote additional NH 3 pointings within each BGPS source. The BGPS sources with NH 3 spectra are shown as black ellipses, while BGPS sources without NH 3 spectra are shown as white ellipses. The NH 3 pointings are shown as crosses, diamonds and asterisks. Crosses denote pointings closest to the peak of the millimeter emission, diamonds denote additional NH 3 pointings within each BGPS source, and asterisks denote non-detections. Source ellipses can overlap since these are the moment approximations to source sizes rather than the boundaries established by the extraction algorithm.
(GBT) on 14 and 15 February 2008 in two separate blocks totaling 3.6 hours. The 23 GHz zenith opacity for the Feb. 14 observations was τ 23 ∼ 0.04; and for Feb. 15, τ 23 ∼ 0.11. The observations were broken into two minute integrations of individual targets. We used Feed 1 of the high-frequency K-band receiver on the GBT as the front end for the observations. The GBT spectrometer served as the back end, which we configured to observe both polarizations of the feed with 50 MHz bandwidth for four separate IFs. The total bandwidth was sampled in 8192 channels for a 6.1 kHz (∼0.08 km s −1 ) channel width. We used two different sets of IFs. All scans contained the NH 3 (1,1) (23.6944955(1) GHz) and NH 3 (2,2) (23.7226333(1) GHz) lines. Observations on February 14 (10 pointings) also included the C 2 S (N J = 2 1 → 1 0 , 22.344033(1) GHz, Yamamoto et al. 1990 ) and NH 3 (4,4) (24.1394169(1) GHz) lines. All NH 3 frequencies were taken from Lovas & Dragoset (2003) . There were no significant detections of the C 2 S line and only one marginal detection of the NH 3 (4,4) line, so the spectrometer configuration was changed for the following days' observations. The observations on February 15 included the H 2 O (22.344033 GHz), and NH 3 (3,3) (23.8701279(5) GHz) transitions in the remaining two IFs. Ten pointings were observed on 14 February 2008 with C 2 S and NH 3 (4,4), and all 56 pointings were observed with H 2 O and NH 3 (1,1), (2,2) and (3,3). Ten pointings were observed in all six lines (four NH 3 lines, The BGPS sources with NH 3 spectra are shown as black ellipses, while BGPS sources without NH 3 spectra are shown as white ellipses. The NH 3 pointings are shown as crosses, diamonds and asterisks. Crosses denote pointings closest to the peak of the millimeter emission, diamonds denote additional NH 3 pointings within each BGPS source, and asterisks denote non-detections. Source ellipses can overlap since these are the moment approximations to source sizes rather than the boundaries established by the extraction algorithm.
H 2 O, and C 2 S). We observed each source with a symmetric, in-band frequency switch (5 MHz throw).
Observations of the Gem OB1 region were conducted immediately following observations for a pointing model correction on each night. We calibrated the data with the injection of a noise signal periodically throughout the observations. Because of slow variations in the power output of the noise diodes and their coupling to the signal path, we measured the strength of the noise signal through observations of a source with known flux (the NRAO flux calibrator 3C 48, S ν = 1.13 Jy). We repeated the flux calibration observations during every observing session to detect any changes in the calibration sources, finding no significant variations over the course of our run (< 10%). The beam size of the GBT is 31 ′′ at these frequencies, which projects to a size of 0.32 pc at the distance of Gem OB1 (2.10 kpc, see §6.1; Reid et al. (2009) ). The GBT NH 3 observations are well matched to the BGPS observations since the GBT beam size is only a few arcseconds smaller than the effective BGPS beam size.
Data Reduction
The ammonia observations were reduced using the GBTIDL reduction package. We extracted each scan, using the package to fold the spectrum to remove the effects of the frequency switching and establish the data on the T A scale by calibrating the noise diodes. We subtracted a linear baseline from the spectrum from each IF with the exception of the IF containing the water and C 2 S lines where a second order baseline was required.
We then scaled to the T * A scale using estimates of the atmospheric opacity interpolated in the frequency and time domains at 22 and 23 GHz from models of the atmosphere derived using weather data.
18 To reach the T mb scale, the spectra are divided by the main beam efficiency of the GBT, which is η mb ∼ 0.81 at these frequencies. We averaged together both polarizations; if a source was observed multiple times, each observation was calibrated separately and the resulting spectra were then averaged together. The mean and standard deviation of the RMS noise per channel for each of the 6 observed lines are listed in Table 1 .
PARAMETER ESTIMATION

BGPS Parameter Estimation
The BGPS millimeter source properties are extracted from the iterative maps using the BGPS source extraction software, Bolocat ). Bolocat utilizes a seeded watershed method (also referred to as marker-controlled segmentation; Soille 1999) which is comprised of two main steps. First, regions with emission above a signal-to-noise ratio of 2.5 are identified and expanded through a nearest-neighbor algorithm to include adjacent, lower signal-to-noise pixels. Second, each identified region is subdivided into further substructures based on the contrast between local maxima. Bolocat then determines source properties from emissionweighted moments. Two sets of coordinates are determined for each source: peak and centroid coordinates. The peak coordinates correspond to the peak of the 1.1 mm emission and are determined from median smoothed maps. The centroid coordinates are given by the first emission-weighted moments. The major and minor axis dispersions (σ maj and σ min ) are given by the second moments. The object radius (R obj ) is calculated from
where σ beam = Θ F W HM / √ 8 ln 2 and η is a factor relating the axis dispersions to the true size of the source, found to be 2.4. The value η = 2.4 is adopted as the median value derived from measuring the observed axis dispersions compared with the true radius for a variety of simulated emission profiles spanning a range of density distributions, sizes relative to the beam and signal-tonoise ratios. The ellipses in Figures 3−5 , and S ν (obj). An integrated flux density, S ν (int), is also reported for each source and is the sum of all pixels assigned to a given source by the source extraction algorithm divided by the number of pixels per beam. The intensity in the BGPS maps was calibrated based on the observed properties of planets. Aguirre et al. (2010) have compared the BGPS data to other mm continuum surveys and found that we must multiply our flux densities by 1.5±0.15 in order for our flux densities to agree with the other surveys (see Aguirre et al. (2010) for more details). In this paper we apply the flux calibration correction of 1.5±0.15 to the v1.0 BGPS products presented in Rosolowsky et al. (2010) and released on the IPAC website. All data products and properties presented in this paper include this flux calibration factor.
Aperture corrections must be applied to the photometry in order to account for power at large radii due to the non-gaussian side lobes of the CSO beam. The aperture corrections were determined by comparing the integrated flux density for known point sources to the calculated aperture flux densities. The aperture correction values are listed in Table 2 . As can be seen from the aperture corrections, the 40 ′′ aperture underestimates the flux density by almost 50%. The 80 ′′ aperture only underestimates the flux density by approximately 4%, and the 120 ′′ aperture requires only a 1% correction. The apertures corresponding to 2R obj require varying aperture corrections, while S ν (int) represents all flux in the 1.1 mm maps down to the 1σ level and does not require an aperture correction factor. The aperture corrections were determined based on sources very small compared to the BGPS beam and therefore will slightly overestimate the flux densities of sources which are extended compared to the beam size. For more details regarding source extraction and parameter estimation, see Rosolowsky et al. (2010) .
NH 3 Parameter Estimation
We estimate physical properties of the molecular gas by fitting a simple model to each calibrated spectrum, following the method described in Rosolowsky et al. (2008; hereafter R08) . The model estimates the ammonia emission that would be observed from a slab of molecular gas with a fixed optical depth in the NH 3 (1,1) line of τ , LSR velocity v LSR , velocity dispersion σ v , radiative excitation temperature T ex , and kinetic temperature T K . For clarity, we note that τ here represents the total opacity in the (1,1) transition which is then apportioned into the 18 hyperfine components of the line according to their statistical weights. The central cluster of ammonia hyperfine components, which is commonly studied in isolation, contains half the total optical depth, τ main = 0.5τ .
The model spectrum provides a simultaneous estimate of all the ammonia parameters; however, specific aspects of the spectral data control each derived quantity. For example, the ratio of strengths of the (1,1) and (2,2) lines yields an estimate of the kinetic temperature. The model accounts for the line widths by assuming a Gaussian velocity distribution in the underlying slab of material so that the model spectrum accounts for line broadening by hyperfine structure and optical depth effects. The difference between the line strength on the T mb scale and the kinetic temperature provides information on the radiative excitation of the line T ex under the assumption that the emission fills the telescope beam (see §6.6 for more details). As noted in R08, the parameters T ex and τ are strongly covariant and cannot be determined separately in the low optical depth limit. In these cases, only the product τ T ex is determined. At higher optical depths, the relative strengths of the central and satellite hyperfine transitions in the (1,1) line provide an independent estimate of the optical depth.
Using these parameters as a description of the underlying molecular gas, a model spectrum can be generated that adequately describes emission we observe from the Gem OB1 sources including the hyperfine structure of the ammonia transitions. The best-fit set of parameters is determined by a least-squares optimization of the model spectrum to fit to all observed ammonia transitions simultaneously. The primary advantage of this approach is the straight-forward estimation of errors and covariances in the fit parameters.
The spectral model has two significant differences from that of the R08 study. In particular, the inclusion of NH 3 (3,3) lines in the analysis necessitates treating the ortho-and para-NH 3 states in more detail. Rather than simply adopting a full thermal equilibrium as done by R08, we treat the two sets of states as different species with an ortho-to-para ratio of 1:1, which is the high temperature limit (T K > 40 K; Takano et al. 2002) . Given that the kinetic temperature derived from only the (1,1) and (2,2) lines provides a good estimate of the (3,3) line in most cases, this assumption is adequate. As such, partition functions for the two species are decoupled and contain only the ortho-and the para-states:
where we have only included the metastable states given by J = K. The lifetimes of the non-metastable states are relatively short and the levels are not well populated.
The partition functions are subject to the constraint that Z O = Z P , representing our assumption of the 1:1 orthoto-para ratios. In addition to a different partition function, we also model the effects of the frequency switching explicitly in the model spectrum since the frequency switch is smaller than in the R08 study. We build a frequency switched version of the spectrum by shifting it ±5 MHz in frequency and subtracting half of the amplitude in the model. Thus, we fit both the peaks and the negative features in the observed spectra, resulting in a fit which is more sensitive to the low-intensity emission. Emission from the H 2 O and C 2 S lines is not treated in detail by the model but rather by simply calculating its velocity-integrated intensity. Since the model is necessarily simple, complicated sources will be represented by average properties. However, the model produces good fits for the wide variety of sources found in the observations.
RESULTS
1.1 mm Results
We have extracted 55 millimeter continuum sources from the BGPS maps. The 1.1 mm sources are listed in Table 3 , along with their ID number in the complete BGPS source catalog, their corresponding group number (see §3.1.3), and any coincident IRAS sources, 2MASS sources and well known millimeter sources. Table 4 lists extracted 1.1 mm source properties including a running source ID number (column 1), the source name (based on the Galactic coordinates of the peak emission; Column 2), centroid RA and DEC (columns 3 and 4), RA and DEC of the peak emission (columns 5 and 6), size of semimajor and semi-minor axes in arcseconds (columns 7 and Note. -Errors are given in parentheses. a Sources that are unresolved with the BGPS beam are assigned the beam size as an upper-limit on the object radius. 8), position angle of best-fit ellipse measured counterclockwise from the x-axis (ℓ = 0
• ) in Galactic coordinates (column 9), the deconvolved source radius R obj (column 10), and S ν (120 ′′ ) and S ν (int) (columns 11 and 12). Some sources are sufficiently small that a deconvolved radius cannot be determined, and we assume a source diameter equal to the beam FWHM as an upper limit on the radius for these objects.
S ν (int) and R obj adequately characterize the sources but these two quantities are highly dependent upon the source extraction algorithm and are not easily compared with other observations. In order to support comparison of our results with other studies, we will also present a flux within a well-characterized and commonly used aperture.
To evaluate which aperture most closely represents the true mm flux, we consider the derived object radii as well as the distance between all BGPS sources. Figure 6 shows the distribution of derived source radii for the 55 BGPS sources (white histogram) and the unre- solved sources where we have assigned the beam size as an upper-limit for the source radius (gray histogram). The dotted lines mark the radii of the apertures in which we present photometry in the BGPS catalog. There is a large spread in the object radii, with the largest being almost 100
′′ . Figure 7 shows the distribution of angular separation between the emission maxima of all 55 BGPS sources out to 500
′′ . The dotted lines mark the diameters of our chosen apertures.
To characterize the mm flux well, we should choose an aperture size greater than the largest source radius yet small enough to reduce the number of sources which will include flux from their neighbors. If we choose an aperture much larger than the source and no other mm sources fall within that aperture, then the flux will still be representative of the total mm flux since the background averages to zero. The distribution of source sizes supports the use of the 120 ′′ aperture, which is only smaller than 10 of the 55 BGPS sources. Figure 7 shows that for the 120 ′′ aperture, only approximately 5 source fluxes will be contaminated by emission from nearby sources.
We have chosen to present the S ν (120 ′′ ) fluxes as wellcharacterized fluxes for comparison with other studies. We present masses calculated from both S ν (120 ′′ ) and S ν (int). However, when calculating physical properties which are highly dependent upon size, such as the volume and surface densities, we will present S ν (int) and use the derived source radius as the physical size.
NH 3 Results
Example spectra of the NH 3 (1,1), (2,2), (3,3) and H 2 O lines are shown in Figure 8 for the source G189.776+00.343 (ID #13). Spectra for all NH 3 pointings are shown in Figures 8b−at in the online materials. NH 3 (4,4) and C 2 S were not observed for many sources and are not shown here. We detected a > 5σ NH 3 (1,1) line in 95% (53 of 56) of all NH 3 pointings, and 60% (33) Fig. 9 .-The white histogram denotes the distance between each of the 46 cross-matched NH 3 pointings and the peak of the associated BGPS source. The striped histogram marks the distance between the peak in 1.1 mm emission and the nearest NH 3 pointing for the 34 BGPS sources in the full sample. The NH 3 pointings were chosen by eye from preliminary BGPS images, which can account for the offsets larger than the beam size in the striped histogram. The large distances in the white histogram result from multiple NH 3 pointings per BGPS source, with typical spacings between pointings on order of the GBT beam size (31 ′′ ) or larger. The white histograms include all extracted 1mm sources, the gray histograms represent the full sample (all sources with a > 5σ detection in NH 3 (1,1)), and the striped histograms represent subset 1 (all sources with a > 5σ detection in NH 3 (1,1) and (2,2)).
of the pointings had at least a 5σ detection in both the (1,1) and (2,2) lines, where a 5σ detection means the integrated intensity is greater than 5 times the measured error in the integrated intensity for each source.
Combined 1.1 mm and NH 3 Results
Each NH 3 pointing was assigned to a single distinct BGPS source. Of the 55 BPGS sources, 37 have ammonia observations along a line of sight that intersects the source. Three BGPS sources have an ammonia pointing associated with the source that lacks any discernible NH 3 (1,1) emission. In the remaining 34 BGPS sources, there may be multiple NH 3 pointings within the contours of the BGPS source, and the NH 3 pointings do not necessarily correspond to either the centroid or peak coordinates of each BGPS source because they were chosen by eye prior to completion of the final BGPS maps. We exclude the seven NH 3 pointings that do not fall within the contours of an extracted BGPS source from the analysis. These pointings correspond to low significance BGPS sources. The seven pointings all have significant NH 3 (1,1) emission, indicating that many marginal detections in the BGPS not included in the catalog are likely real.
In this analysis we will consider only the NH 3 pointing which is located closest to the peak of the millimeter emission. The angular separation between the closest NH 3 pointing and the peak of the millimeter emission is shown in Figure 9 . The white histogram includes all NH 3 pointings while the striped histogram includes only the NH 3 pointings closest to the millimeter peak. Most of the NH 3 pointings assigned to a BGPS source are located less than a FWHM beam away from the millimeter peak.
We define a "full sample" which consists of 34 BGPS sources that have at least a 5σ detection in the NH 3 (1,1) transition. Sources without a 5σ detection in the NH 3 (2,2) transition can only provide an upper-limit to the derived gas properties such as T K . Consequently, the full sample can only characterize upper-limits for these properties. We also define "subset 1" which is comprised of 25 BGPS sources with a > 5σ detection in both the NH 3 (1,1) and (2,2) transitions. However, subset 1 may not be characteristic of the faint end of the full sample. Due to the complementary properties of each sample, we will present the characteristics of both. For clarity, we point out that subset 1 is entirely contained in the full sample.
Observed properties of NH 3 pointings in the full sample are given in Table 5 , including the source ID (column 1), specific coordinates of the NH 3 pointing which do not necessarily correspond to the peak of the millimeter emission (Columns 2 and 3), radial velocity and Gaussian 1/e line width (columns 4 and 5), and main beam temperature and integrated intensities for the NH 3 (1,1), (2,2), (3,3) and (4,4) transitions (columns 6-13). For undetected lines, we present upper-limits for the main beam temperature and integrated intensities given as T mb < 5 RMS and W < 5 RMS ∆v/ (N ), where RMS is the noise per channel of each spectrum, ∆v is the channel width in velocity, and N is the number of channels used to calculate the RMS. Table 6 lists derived gas properties including the measured optical depth of the (1,1) transition (column 2), kinetic gas temperature (column 3; see §6.2), excitation temperature of the NH 3 (1,1) transition (column 4), derived sound speed and non-thermal velocity dispersion (a and σ N T ; columns 5 and 6; see §6.3), and flags for detection or non-detection of the H 2 O and CCS lines (columns 7 and 8). The additional 12 NH 3 pointings are included in Tables 5 and 6 , but are not included in the general analysis. Numbers given in parentheses are errors in the same units as each column.
The distributions of the flux densities, S ν (120 ′′ ) and S ν (int), are shown in Figure 10 . The white histogram includes all 55 BGPS sources extracted from the millimeter maps. The gray histogram includes all BGPS sources included in the full sample (> 5σ detection in NH 3 (1,1) ), while the striped histogram denotes subset 1 (> 5σ detection in NH 3 (1,1) and (2,2)). The faintest sources are excluded from subset 1, as expected. Figure 11 plots the peak T mb of the (2,2) transition versus the peak T mb of the (1,1) transition. Pointings with < 5σ detection in the (2,2) transition are shown as upper limits. The fainter lines in (1,1) are typically the pointings with a weak or non-detection of (2,2). The weaker BGPS sources typically have weaker NH 3 (1,1) detections and only upper-limits for the NH 3 (2,2) line.
Maser Activity
We also obtained observations of the 22 GHz water maser in conjunction with our GBT NH 3 observations. Eight of the 34 BGPS sources presented here have water maser emission (see columns 7 and 8 of Table 6 ). Of these, only Sources #16 and #24 have not been reported previously as maser sources. The remaining 6 BGPS sources with maser activity were previously known to exhibit water as well as some SiO or methanol maser activity in a 1 ′ region around the observed GBT position based on a SIMBAD search. The fraction, 8/34 = 0.2, can be regarded as a lower limit as two sources, #13 and #47, show maser emission along one line of sight but not another line of sight through the same core. Since the GBT ammonia spectroscopy was not complete mapping, some sources may have maser emission elsewhere in the object. However, the masing lines of sight are those nearest the peaks of the BGPS emission, so the lower limit is likely representative of the true fraction. For comparison, Szymczak et al. (2005) find a detection fraction of water masers of 0.52 using 6.7 Ghz methanol masers, associated with massive young stellar objects, as a prior. Similarly, Chambers et al. (2009) find detection rates of 0.16, 0.54 and 0.59 for water masers in their IRDC cores classified with Spitzer data as "quiescent," "red" and "active" respectively. The BGPS-selected water maser detection fraction is most similar to the detection fraction in "quiescent" IRDCs determined by Chambers et al. (2009) . We see no evidence for maser activity in the NH 3 (3,3) transition. All (3,3) spectra are consistent with the temperatures and line widths determined in conjunction with the (1,1) and (2,2) states. We defer further discussion of the water maser detection fraction to a later paper (M. K. Dunham et al., in prep).
6. ANALYSIS
Radial Velocities and Distances
We adopt the VLBI parallax distance to S252 of 2.10 ± 0.026 kpc (Reid et al. 2009 ) for the entire sample of BGPS sources. The radial velocities observed in the NH 3 spectra are listed in Table 5 (column 4), and are shown in Figure 12 . Filled circles mark sources in Subset 1, while the crosses mark sources without a 5σ detection in the NH 3 (2,2) line. The sources excluded from Subset 1 are spread evenly in velocity space, as expected since the weaker BGPS sources should not be preferentially located at any given radial velocity. Toward the Galactic anti-center (as well as all Cardinal points: l = 0
• , 90
• , 180
• , and 270 • ), radial velocities expected from purely circular rotation are 0 km s −1 , rendering kinematic distances unsound. A non-zero radial velocity along these lines of sight is most likely due to the peculiar motions of individual gas clouds rather than galactic rotation.
From Figure 12 , it is apparent that groups 2 and 3 span the same velocity range (5 to 10 km s −1 ) while group 1 is found at slightly lower radial velocities (−1 to 4 km s −1 ). Although there is no evidence in our data that these groups are related, surveys of lower density tracers (such as CO and 13 CO) toward S247 and S252 (groups 1 and 2) show evidence of interaction between the two HII regions. Kömpe et al. (1989) mapped the S247/252 complex in 13 CO (J = 1 − 0) transition with a beam-sampled map at 4 ′ resolution and found a bridge connecting the two clouds. Specifically, the bulk of the material towards S247 is found between velocities of −1 km s −1 and 5 km s −1 with a tail extending to velocities of up to 10 km s −1 , which overlaps the S252 region in velocity space (see Figure 7 in Kömpe et al. 1989 ). Carpenter et al. (1995a) mapped a larger region including the S247 and S252 complexes in 13 CO(J = 1 − 0) and found three distinct filaments. Two filaments with radial velocities of ∼2 km s −1 wrap around S247, while the third filament, at a radial velocity of ∼10 km s −1 , extends to the S252 region. It is clear that the S247 and S252 regions (groups 1 and 2) are interacting, justifying our application of the VLBI parallax distance to our entire sample regardless of the difference in radial velocities between the groups of sources.
Not all sources will be at precisely the parallax distance; however, we account for variation in the distances by including a larger error than the parallax distance error. Since it is clear that groups 1 and 2 are part of filaments wrapping around and interacting between S247 and S252, we will consider the size of the HII regions when determining the spread in distance. S247 has a diameter of 9
′ and S252 has a diameter of 40 ′ (Sharpless 1959) . If the cloud between Groups 1 and 2 is assumed to be spherically symmetric, its angular size on the sky can provide an estimate of the distance along the line of sight. Since it is apparent that groups 1 and 2 are interacting, we will consider a sphere of approximately 100 ′ in diameter that encompasses both groups 1 and 2 and the associated HII regions, and corresponds to a distance uncertainty of 0.061 kpc. We will assume the spread in distance is approximately equal to the 100 ′ diameter, and will assign that to the distance error to account for the case where the parallax source is found at the extreme edge of the region and note that this is likely a minimum estimate of the error.
Kinetic Temperature
The kinetic temperatures derived from the NH 3 observations are given in column 3 of Table 6 . The uncertainties in individual determinations of T K are small, with σ T K /T K = 0.04. In this and subsequent analyses, the uncertainties quoted are the standard deviation about the mean of the sample, rather than the uncertainty in the mean. For sources without a 5σ detection in NH 3 (2,2) the derived kinetic temperature is an upper-limit, and thus the mean kinetic temperature for the full sample is only an upper-limit. The distribution for the full sample is characterized by T K < 19.4 ± 4.9 K, while the distribution for Subset 1 is characterized by T K = 20.6 ± 5.1 K. The mean limit on kinetic temperature for the sources without a 5σ NH 3 (2,2) detection is T K < 16.1±2.3 K. As some property distributions may be non-Gaussian, the uncertainty should be regarded primarily as an indicator of the scatter in the sample. The dispersion about the mean kinetic temperature for the full sample is thus six times larger (0.24) than the fractional uncertainties in individual temperatures, so the differences among sources are real. Zinchenko et al. (1997) mapped 17 molecular clouds associated with FIR sources in NH 3 (1,1) and (2,2) and found that T K increases toward the peak of the NH 3 emission. Additionally, Friesen et al. (2009) have shown that NH 3 emission closely follows mm continuum emission. Since our NH 3 pointings are located near the peak of the mm emission, which corresponds to the NH 3 peak as well, the mean T K is likely smaller than the peak T K we report.
Velocity Dispersion and Non-Thermal Pressures
The line-width provides a measure of the onedimensional velocity dispersion within each source. Rosolowsky et al. (2008) found velocity dispersions ranging from 0.07 to 0.7 km s −1 for the NH 3 (1,1) and (2,2) lines of low-mass star-forming cores in the Perseus molecular cloud, and they suggest that there is evidence of multiple velocity components in all sources with σ v > 0.2 km s −1 . The velocity dispersions are listed in column 5 of Table 5 and the distribution of our sample is shown in Figure 12 . In contrast to the low-mass sources in Perseus, our distribution has a tail extending up to a high velocity dispersion σ v ≈ 1.3 km s −1 . The observed velocity dispersion is a combination of the thermal and non-thermal motions of the gas. In order to calculate the non-thermal contribution, σ N T , we simply remove the thermal contribution:
where (kT K /17m H ) 1/2 is the thermal broadening due to NH 3 and 17m H is the mass of a single ammonia molecule. The non-thermal velocity dispersion ranges from 0.37 km s −1 to 1.3 km s −1 with a mean of 0.72 ± 0.25 km s −1
for subset 1. We can compare σ N T to the predicted thermal sound speed of the gas given by a = (kT K /µm H ) 1/2 , where µ = 2.37. The thermal sound speed for subset 1 ranges from 0.22 km s −1 to 0.34 km s −1 with a mean of 0.27±0.03 km s −1 . The mean Mach number is then 2.8. Both a and σ N T are listed in Table 6 (columns 5 and 6). The corresponding ratio of σ N T to a ranges from 1.5 to 4.2 with a mean of 2.7±0.8. The non-thermal velocity dispersion is shown in Figure 13 versus T K . The solid line plots the thermal sound speed, a, as a function of T K . In all sources, the non-thermal velocity dispersion is much larger than the thermal velocity dispersion and the discrepancy increases with T K .
There is no apparent correlation between σ N T and source size or mass. However, there is a correlation between the position of a source within its group and σ N T . Figure 14 displays the position of each source in Galactic coordinates and the symbol size denotes the magnitude of σ N T . For Group 2, the highest values of σ N T are found at the center of the cluster. A similar statement could be made for Group 3, but there it is difficult to definitively say, due to the smaller number of sources.
Virial and Isothermal Masses
Combining heterodyne and dust continuum observations provides estimates of both virial mass and total gas and dust mass. Total gas and dust mass (also called the isothermal mass, M iso , due to the simplifying assumption that the dust can be characterized by a single temperature) is given by
where S ν is flux density, D is the distance, κ ν is the dust opacity per gram of gas and dust, and B ν is the Planck function evaluated at a dust temperature, T ) and obtain κ ν = 0.0114 cm 2 g −1 . We assume the gas and dust are collisionally coupled, make the simplifying assumption that T d = T K and use T K derived from the NH 3 observations. Evans, Blair, & Beckwith (1977) observed the S255 molecular cloud in 12 CO, 13 CO, H 2 CO, and 2.2 µm emission. They studied the gas and dust energetics and concluded that the primary energy flow is through infrared dust emission and that an embedded source and the exciting stars of the many nearby HII regions are the likely heat sources for the cloud. Dust typically controls the energetics in the dense interior of the star-forming regions where the density is high enough to shield the gas from the ultraviolet radiation in the interstellar radiation field (ISRF) and also to transfer energy from the dust to the gas via collisions (Goldreich & Kwan 1974 , Evans et al. 2001 . Towards the outer edges of the clump the density is much lower, and the gas is no longer collisionally coupled to the dust. The gas is also now subject to the ultraviolet portion of the ISRF, allowing the gas kinetic temperature to rise above the dust temperature (see Figure 9 in Mueller et al. 2002) . The BGPS observations probe all of these regions, and detailed models will be needed to include temperature gradients. For now, we rely on previous modeling (e.g., Mueller et al. 2002 to support the assumption that T d = T K on average.
As discussed in §6.2, our single measurement of T K likely corresponds to the maximum temperature seen within the BGPS source. Thus, using T d = T K to describe the dust temperature for the entire source will result in a lower-limit for the isothermal mass. Zinchenko et al. (1997) find a maximum T K of 28 K at the peak of the NH 3 emission, and a minimum T K of 15 K at the edge of the NH 3 emission. This difference in temperatures corresponds to a factor of 2.3 increase in mass if the minimum temperature is assumed to be T d . If we assume mean values from Zinchenko et al. (1997) of T K =24 and 17.5 K, the mass would increase by a factor of 1.5 assuming the minimum temperature as T d rather than the maximum. If we are observing the maximum T K then our calculated values of M iso are likely to underestimate the mass by a factor of up to approximately 2.
The virial mass for a spherical, uniform density gas cloud is given by
where σ v is the Gaussian 1/e width of the line (model fit for the velocity dispersion), R is the source radius, and G is the gravitational constant. We assume that the velocity dispersion measured with our single NH 3 pointing is also applicable at the edge of the 1.1 mm continuum emission, and use the single measured value in conjunction with the mm-derived object radius, R obj , to calculate the virial mass. This assumption is supported by Friesen et al. (2009) who found that NH 3 emission closely traces 850 µm continuum emission and covers the same spatial extent as the cold dust producing the continuum emission. However, Zinchenko et al. (1997) found that the ammonia line width increased toward the peak of the NH 3 emission for about half of their sample. Thus, we are likely overestimating the virial mass by using the line width measured near the peak. M vir , M iso (120 ′′ ), and M iso (int) are given in Columns 2 − 4 of Table 7 . For Subset 1, the isothermal masses within a 120 ′′ aperture range from 47 M ⊙ to 610 M ⊙ with a mean of 280±180 M ⊙ . Similarly, M iso (int) ranges from 33 M ⊙ to 850 M ⊙ with a mean of 300±220 M ⊙ . The virial masses range from 33 M ⊙ to 560 M ⊙ with a mean of 220±160 M ⊙ . The distributions of M iso (120 ′′ ) and M iso (int) are shown in Figure 15 . The mean M vir to M iso (int) ratio is 0.96±0.93 for Subset 1. The ratio of M vir to M iso (int) is shown versus M iso (int) in Figure 16 . The dashed line marks the mean ratio of 1.0. The trend of decreasing M vir /M iso reflects the dependence of the ratio on the inverse of the source size at a given distance. R obj increases with M iso (int) which lowers M vir /M iso as a function of M iso (int).
In these calculations we have made the simplifying assumption that the density is uniform. However, if the emission is not spherical or if the density follows a powerlaw the virial mass will differ. A corrected virial mass is given by (Bertoldi & McKee 1992) where a 1 is the correction for a power-law density distribution, a 2 is the correction for a non-spherical shape, and p is the density power-law index from n(r) = n f (r/r f ) −p (Mueller et al. 2002 ). The mass ratio is then given by
The mean aspect ratio of our sources is R maj /R min = 1.5 ± 0.3, which gives a 2 = 1.1. To estimate the effect of a power-law density distribution, we adopt the mean power-law index found by Mueller et al. (2002) , p = 1.8 ± 0.4, which was derived by modeling the emission from 31 massive star-forming regions, and find a 1 = 1.43 ± 0.34. If the corrections for a power-law density distribution (Equation 8) and for a non-spherical shape are included, then M vir /M iso would be decreased by 36% to 0.61±0.59 for Subset 1. However, since we do not have accurate values of the power-law index for our individual sources, we will not include the correction in our calculations or subsequent discussion. Magnetic fields are also excluded from our virial mass calculation, but if magnetic fields provide additional support to the cloud, then the true mass would be larger than given by Equations 6 or 7. The observed scatter in M vir to M iso (Figure 16 ) could be a result of deviations from the assumed distance of 2.10 kpc or deviations from Equation 6 due to different power-law density distributions or source ellipticities, all of which could differ from source to source and produce the observed scatter. Additional assumptions which could produce the observed scatter include the assumptions that the sources are virialized and that the velocity dispersion measured at the peak of the mm emission is also valid at R obj . A virial parameter, M vir /M iso , of 1 suggests that both mass estimates are reasonable.
Volume and Surface Densities
Average particle density and average surface density can be calculated based on a mean particle weight per H nucleus (µ p =2.37) and a total mass within a given physical size, assuming a uniform density. We assumed a spherical volume given by 4πR 3 obj /3. Mean number densities of particles and mass surface densities were calculated for each source (see Column 5 of Table 7 ). For Subset 1, n p (int) ranges from 1.4×10 3 cm −3 to 17.0×10 3 cm −3 with a mean of 6.2 ± 4.4 × 10 3 cm −3 , and the characteristic values for the full sample are given in Table  8 .
The distribution of derived surface densities, Σ(int), ranges from 0.019 g cm −2 to 0.13 g cm −2 with a mean of 0.055±0.032 g cm −2 , for Subset 1. The mean surface density for the full sample is 0.048±0.030 g cm −2 or 230±140 M ⊙ pc −2 which is similar to the gas surface density threshold for star-formation of 200 M ⊙ pc −2 seen in nearby, low-mass star-forming clouds (A. Heiderman et al., in prep.) . This similarity supports the idea that our BGPS sources are sites of star formation, while the low volume densities imply we are detecting the less dense, larger scale portions of clumps rather than the higher density cores.
There is also evidence that a few of the BGPS clumps in this region include multiple higher density sources when observed with interferometers (see §7). Eight of the 34 BGPS cores also have water maser emission (see Table 6 ) which requires densities greater than 10 10 cm −3 (Strelnitskij et al. 1984; Elitzur et al. 1989) , suggesting that the clumps contain much higher density substructure.
6.6. Excitation Temperature The measured excitation temperatures are plotted against the kinetic temperatures in Figure 17 . The filled circles represent Subset 1, and the corresponding distribution is characterized by T ex (1,1) = 7.8±5.6 K. There are two sources where the best fitting model requires the limiting case T ex =T K , and higher quality data would be needed to constrain T ex .
The mean difference between kinetic and excitation temperatures for Subset 1 is T K −T ex = 12.8 ± 4.5 K. There are two possible explanations for the differences in derived temperatures. The first possibility is inherent in the way we measure the excitation temperature. As described in §4.2, in order to calculate T ex we must assume something about the ratio of the solid angle of the source to that of the beam, which here we set to unity. A lower excitation temperature could be artificially induced by over-estimating the beam filling factor.
Another possible explanation is the density in the region. The level populations are determined by both collisional and radiative processes which depend on the local density. Pavlyuchenkov et al. (2008) study the conditions under which molecular rotational lines form using radiative transfer simulations of CO(J=2−1) and HCO + (J=1−0), and define a thermalization density n th , where T ex is within 5% of T K . At densities greater than n th , collisions regulate the level populations by both exciting and de-exciting molecules. A commonly used measure is the critical density, defined by n crit = A/γ, where A is the spontaneous emission rate and γ is the collision rate coefficient. For low frequency transitions, such as the NH 3 inversion lines, collisions are negligible for n < n crit , and the excitation temperature is set by the cosmic background radiation. At intermediate densities where n crit < n < n th , the excitation temperature is set by both collisions and radiation and is equal to neither the background radiation temperature nor the kinetic temperature.
Using an LVG code (Snell et al. 1984) , we calculate T ex as a function of density for a gas temperature of T K = 20 K, with N (NH 3 ) = 10 14.5 cm −2 , over a density range of 100−10 8 cm −3 . We assume a line width of 0.75 km s −1
to include radiative trapping. Figure 18 plots T ex as a function of volume density for the NH 3 (1,1) transition. From these models we find n th = 210n crit for the NH 3 (1,1) transition. The large difference in n crit and n th for the NH 3 transitions is due to the low Einstein A coefficient and the importance of stimulated processes to the level populations. For comparison, Evans (1989) finds n(T ex = 0.9T K ) = 1.33n crit for the CS(3-2) transition. Although this criterion is less stringent than n th , it demonstrates the differences between the low frequency radio transitions and higher frequency submillimeter transitions. The low frequency transitions, such as the NH 3 transitions, require a density much higher than the critical density before T ex begins to approach T K .
Although the volume-averaged densities derived from the millimeter continuum are approximately equal to the critical densities for both the NH 3 (1,1) and (2,2) transitions (1.8 × 10 3 cm −3 and 2.1 × 10 3 cm −3 respectively; Tielens 2005), the densities are not high enough for the gas to be completely thermalized, and T ex <T K as expected at densities near the critical density.
NH 3 Excitation Density
If we assume the gas is not in LTE, we can define the excitation density, n ex , as the density required to produce level populations described by T ex for a given gas kinetic temperature. We calculate n ex from T K , T ex , and τ via the balance of a two-level system. The excitation density is given by (Foster et al. 2009; Swift et al. 2005; Caselli et al. 2002) 
where
T cmb = 2.73 and the escape probability is given by β = (1 − e −τ )/τ , where we take τ = τ (1,1) × 0.233 which is the maximum optical depth in a single hyperfine line of the NH 3 (1,1) transition.
The excitation densities are listed in Column 6 of Table  7 . We cannot calculate n ex for the two sources where we set T ex =T K (see §6.6). The excitation densities for Subset 1 range from 2.1 × 10 3 cm −3 to 29.9 × 10 3 cm −3 with a mean of 9.6 ± 7.1 × 10 3 cm −3 . Figure 19 shows a comparison of the NH 3 excitation density and the volumeaveraged density (n p ) from the millimeter data. The solid line marks a one-to-one correlation, and is not a fit to the data. Although there is considerable spread, n p is in good agreement with the excitation density. The mean ratio of n p (int) to excitation density is 1.7 ± 1.0 with a median of 1.8 for subset 1. The agreement between n ex and n p provide additional support that the NH 3 and continuum emission trace the same physical region.
Column Densities
The column density per beam of NH 3 in the (1,1) state can be calculated from the observed parameters via the following equation: where
and ν (1,1) is the central frequency of the (1,1) transition, τ (1,1) is the total optical depth in the (1,1) transition, g 1 and g 2 are the statistical weights of the upper and lower levels of the (1,1) inversion transition and are equal, A (1,1) = 1.68 × 10 −7 s −1 is the Einstein A coefficient for the transition (Pickett et al. 1998) , and σ v is the Gaussian 1/e line width. The leading factor of 2 in equation 12 assumes an equal number of NH 3 molecules in each state of the inversion transition, which is justified since the states have equal statistical weight and are separated in energy by 0.05 K. The total optical depth in the (1,1) transition is split over the 18 hyperfine components, which is expressed in the summation in Equation 13. s i is the weight of each hyperfine component, ν i is the frequency of each hyperfine component, and σ i is the Gaussian 1/e width of each hyperfine component.
The total NH 3 column density, N N H3 , can be calculated by scaling N (1, 1) by Z/Z(J = 1) where Z is the partition function given in Equations 2 and 3, Z(J = 1) is the population in only the J = 1 level, and we truncate the summation at 50 terms. The NH 3 column densities are given in column 8 of Table 7 . N N H3 ranges from 4.2 × 10 13 cm −2 to 75.8 × 10 13 cm −2 with a mean of 3.5 × 10 14 cm −2 for subset 1. We can also calculate the column density of H 2 via the millimeter dust observations. From the gas and dust mass within a given aperture, we can calculate N H2 by
where µ H2 = 2.8. N H2 is listed in column 9 of Table Fig. 18.-Excitation temperature versus volume density for NH 3 (1,1) for T K =20 K. Vertical dashed line denotes n = n crit (1,1), and the dotted line denotes the mean particle density found for subset 1. The LVG code predicts an excitation temperature of 6.3 K at the mean density of our sample. Our mean excitation temperature is 7.3 K.
7. N H2 ranges from 4.1 × 10 21 cm −2 to 27.1 × 10 21 cm −2 , with a mean of 1.2 ± 0.7 × 10 22 cm −2 . Using the relationship between H 2 column density and visual extinction of Bohlin et al. (1978) assuming R V = 3.1, N H2 /A V = 9.4 × 10 20 cm −2 mag −1 , we find A V = 12.4 mag for the mean H 2 column density of our sample. However, R V = 3.1 may not be an accurate description of the dust in these dense regions. Chapman et al. (2009) find that regions with A K > 1 mag (A V > 5 mag) are described well by a R V = 5.5 extinction model (Weingartner & Draine 2001) . Using this extinction model, N H2 /A V = (2 × 1.086C ext ) −1 , where the factor of two converts N H to N H2 and C ext is the extinction cross section in the V band. Using N H2 /A V = 6.86 × 10 20 cm −2 mag −1 we find A V = 17.5 for the mean column density of our sample.
We can obtain a measurement of the NH 3 abundance by comparing the column densities of NH 3 and H 2 . The abundances are presented in column 10 of Table 7 . The abundance ranges from 0.89 × 10 −8 to 8.3 × 10 −8 with a mean of 3.1 × 10 −8 for subset 1. These results are similar to the values derived for dense cores, e.g. Harju et al. (1993, 
DISCUSSION
The physical properties of the BGPS sources in the Gemini OB1 Molecular Cloud show that the majority of the sources are the clumps from which entire stellar clusters will form. Characteristics of all properties are listed in Table 8 for both the full sample and subset 1, where numbers in parentheses are the standard deviation rather than an error in the mean. Recall that clumps are typically characterized by masses ranging from 50 − 500 M ⊙ , radii of 0.3 − 3 pc, mean densities of 10 3 − 10 4 cm −3 , and gas temperatures of 10 − 20 K (Bergin & Tafalla 2007) . In the Gemini OB1 region, we find a mean isothermal mass of M iso (int) = 200 ± 220 M ⊙ , a mean radius of R = 0.56 ± 0.19 pc, a mean density of n p (int) = 6.2 ± 4.4 × 10 3 cm −3 , and a mean gas kinetic tempearture of T K = 20.6 ± 5.1 K. The mean properties of our BGPS sources fall squarely in the ranges of characteristic clump properties.
In contrast, the unresolved BPGS source in this region (ID #51) has properties within the range of the characteristic properties of cores. Recall that cores have masses from 0.5 − 5 M ⊙ , sizes of 0.03 − 0.2, mean densities of 10 4 − 10 5 , and gas temperatures between 8 and 12 K (Bergin & Tafalla 2007) . Source #51 has M iso (int)= 44±13 M ⊙ , an upper-limit for size of R< 0.17 pc, a mean density of n p (int)= 2.9 × 10 3 cm −3 , and an upper-limit of gas kinetic temperature of T K < 14.8 K. M iso (int) is significantly above the range of core masses, but also falls below the range of characteristic clump masses. The mean density does not fall within the characteristic density range of cores, but the upper-limit used for the source size could be the explanation. An unresolved source must have a size smaller than the beam size, so the beam size is artifically giving a lower density. There are additional unresolved BPGS sources but they do not have corresponding NH 3 pointings and were excluded from our analysis.
Further evidence that the BGPS sources are not directly forming a single massive star is in the mean surface density of the sample, Σ(int) = 0.055 ± 0.032 g cm −2 . Krumholz & McKee (2008) have shown that a surface density of at least 1 g cm −2 is required to avoid fragmentation and form a single massive star. Although the mean masses of our clumps are high enough to form a massive star given typical star formation efficiencies, the mean surface density is not high enough to prevent fragmentation and suggests that there should be significant substructure within these clumps. Substructure has been seen in higher resolution studies of some of the Gemini OB1 BGPS clumps and is discussed in detail in the following section. Additionally, the mean virial parameter for Subset 1 is approximately 1 which suggests that the BGPS sources are stable against collapse on the size scales the survey is sensitive to.
Comparison to Other Studies
A comparison to the literature provides further evidence that the BGPS sources are likely the clumps from which stellar clusters will form. The BGPS sources often resolve into multiple smaller, higher density regions when observed at higher resolution with telescopes such as the SMA, SCUBA on the JCMT, and SHARC on the CSO. Densities calculated from 1.3 mm continuum SMA observations are on the order of 10 6 − 10 7 cm −3 (Cyganowski et al. 2007 ), a factor of 10 3 greater than the densities of the BGPS sources presented here. Models of observed spectral energy distributions require both a hot (∼ 100K) and warm (∼ 40K) dust component (Minier et al. 2005) , again suggesting that the BGPS sources are the cooler, lower density clumps which contain hotter cores. When comparing our 1.1 mm emission to the large-scale CO emission, we find that the BGPS sources have H 2 column densities a factor of 10 greater than the mean column density of the regions of the molecular cloud without star formation (Carpenter et al. 1995a ). The resolved BGPS sources are typically clumps which are embedded in a molecular cloud and contain higher density, warmer cores while the unresolved BGPS sources are likely to be cores. Detailed comparisons for a few sources and the entire molecular cloud are presented below.
S252
S252 corresponds to G188.948+00.883 (ID #26) in the BGPS. Minier et al. (2005;  hereafter M05) observed methanol and C 18 O toward S252, and also modeled mid-IR to millimeter wavelength emission. Using SCUBA on the James Clerk Maxwell Telescope and SIMBA on the Sweedish ESO Submillimetre Telescope (SEST), they resolve S252 into two millimeter sources, G188.95−MM1 and −MM2. Models fit to the spectral energy distributions require a warm extended envelope (42 and 50 K) for each source and a hot central component (150 K) for MM1. The rotational temperature derived from their methanol observations is 58 K. The temperatures derived from both SED fitting and molecular line observations are all significantly warmer than our NH 3 kinetic temperature of 29 K. In addition to warmer temperatures, M05 also derived a smaller mass than the BGPS. The BGPS does not resolve two sources here, and finds M iso (int) =556 M ⊙ , while M05 finds a total mass for MM1 and MM2 of 155 M ⊙ when scaled to our assumed distance of 2.1 kpc.
S252A
Mueller et al. (2002; hereafter M02) observed S252A in 350µm continuum emission using SHARC at the CSO, and modeled the observed SED including wavelengths ranging from 12 µm to 1.1 mm. They fit a power-law density distribution and determined a density normalized at a radius of 1000 AU, n f . S252A in the M02 sample corresponds to G189.776+00.343 (ID #13) in our sample. M02 calculated an isothermal dust mass of 220 M ⊙ within a 120 ′′ aperture when scaled to our assumed distance. We find M iso (120 ′′ )= 373 ± 40M ⊙ from the 1.1 mm emission. SHARC filtered out extended emission on a smaller scale than the BGPS, so the M02 observations detected the warmer, higher density, and lower mass substructure within the BGPS source. The T iso given by M02 was 30K, marginally warmer than the temperature derived from the NH 3 observations, T K = 26K.
In general, the M02 study included higher-mass, warmer sources than our sample. Their sample selection required the presence of strong water maser emission (Arcerti water maser catalog; Cesaroni et al. 1988) as a signpost of massive star formation. M02 found M iso (120 ′′ ) = 2040 ± 4410 M ⊙ , with a median of 400 M ⊙ for their sample of 51 massive star-forming regions. In contrast, we find M iso (120 ′′ ) = 280 ± 180 M ⊙ , with a median of 190 M ⊙ . Our sources are approximately a factor of 10 less massive than the sample studied by M02.
S255N and S255IR
S255N corresponds to G192.581-00.043 (ID#45) in our sample, while S255IR corresponds to G192.596-00.051 (ID #47). We find M iso (int)= 397 ± 32 M ⊙ and T K = 30K for S255N, and M iso (int)= 540 ± 43 and T K = 32K for S255IR. We compare our BGPS and NH 3 derived properties with studies by Zinchenko et al. (1997;  hereafter Z97), M05, and Cyganowski et al. (2007; hereafter C07) in detail.
Z97 mapped NH 3 (1,1) and (2,2) emission from S255 with the 100 m Effelsberg radio telescope. They centered their map on an IRAS point source located between S255N and S255IR, and considered the emission from both to be part of a single source. They report observed values at two locations, one of which corresponds very well with S255N and our source G192.583-0.043. The observed NH 3 properties between the two studies agree fairly well considering the NH 3 positions differ slightly. For example, Z97 find v lsr = 8.65 km s −1 and σ v = ∆v/(8 ln 2) 1/2 = 1.02 km s −1 , while we find v lsr = 8.66 km s −1 and σ v = 1.31 km s −1 . Z97 find that in half of their sources the NH 3 line width increases toward the NH 3 peak which could account for the same radial velocity but different line widths. Both studies derive slightly different T K , with Z97 finding T K =23 K and our study finding T K =30 K for S255N and 32 K for S255IR. The Z97 mass derived from the NH 3 column density and a canonical abundance is 420 M ⊙ when scaled to our assumed distance. Since this includes both S255N and S255IR, this mass should be compared to the sum of masses for the two BGPS sources, M iso (int,tot) = 937 M ⊙ . Our total M iso (int) is comparable to the virial mass Z97 derive, M vir (Z97) = 1134 M ⊙ when scaled to the maser parallax distance.
C07 observed S255N in 350 µm continuum with SHARC on the CSO and 1.3 millimeter continuum with the SMA. S255N-MM1 corresponds to G192.581−0.043 in our sample (ID #45). SHARC (Θ mb =15 ′′ ) recovers only a single peak at the position of S255N-MM1, while the SMA (4.7 ′′ ×2.4 ′′ beam) clearly resolves three separate sources: SMA1, SMA2, and SMA3. The total beam-averaged mass of all three sources scaled to the parallax distance is 17−42 M ⊙ , where the range is due to uncertainty in the assumed dust temperature. The assumed temperature range for SMA1 is 40−100 K, while the other two sources are likely between 20 and 40 K based on the presence of molecular emission in SMA1 and the lack thereof in SMA2 and SMA3. We find T K = 29.5 K for source #45 in our sample, which is consistent with the range of temperatures for SMA2 and 3 and is just below the lower end of the temperature range for SMA1. The difference in the temperatures reflects the different material probed with the two sets of observations: the SMA observes the warm, high density structure within the cooler, lower density clumps to which the BGPS and GBT observations are sensitive.
C07 derived densities in the range of 10 6 − 10 7 cm −3
from the SMA 1.3 mm continuum emission. These densities are ∼ 10 3 times higher than the derived BGPS densities. With a smaller beam size, the SMA resolves out the low density material which the BPGS is sensitive to and is able to detect the smaller, higher density regions within the BGPS clump. Our calculated n p is a volume averaged density which will underestimate the peak density of the regions where massive stars will form because a larger percentage of the volume is at the lower densities.
Similar to C07, M05 found that S255N requires a hot component of 106 K and a warm component of 44 K while S255IR requires a hot component of 225 K and a warm component of 42 K based on fitting models to the observed spectral energy distribution. M05 find M iso of 140 and 210 M ⊙ for S255N and S255IR, respectively. Their masses are significantly smaller than our isothermal masses, which is consistent with the paradigm in which observations with a smaller beam size will resolve out the lower density emission and detect the substructure within the BGPS sources.
Chavarrìa et al. (2008) provides direct evidence that S255IR and S255N are forming a cluster. They used Spitzer IRAC and NIR data to identify sources with near-or mid-IR excesses. They identified a total of 10 clusters of YSOs as well as a population of distributed YSOs. The largest cluster they identified corresponds to both S255IR and S255N (ID#45 and #47 in our sample). They detected 140 stars with an IR excess, and assume the total cluster membership to be 488 sources after accounting for completeness and sources with no IR excess.
S258 and G192.719+00.043
There is also direct evidence of clusters forming in both S258 (G192.644+00.003; ID #48) and G192.719+00.043 (ID #49) Chavarrìa et al. (2008) identified 49 sources with IR excesses in S258, and estimate the total number of cluster members to be 186 after considering completeness limits and the number of potential sources without an IR excess. The cluster they identified in G192.719+00.043 includes 22 detected members and is estimated to include 44 total members. 7.1.5. Gemini OB1 Molecular Cloud Carpenter et al. (1995a; hereafter C95a) surveyed 32 square degrees of the Gemini OB1 molecular cloud complex in 12 CO(J = 1 − 0) and 13 CO(J = 1 − 0). The detailed CO maps yield a wealth of physical properties, which provide an independent check of the properties determined in this study. C95a separated the molecular cloud into seven subregions marked by bright extended 13 CO emission. Subregions 1−3 are associated with optical HII regions and correspond to groups 1-3 in this paper. Subregion 6 contains a Herbig Ae/Be star HD250550, but is not included in our BGPS image. The remaining subregions have no optical evidence of star formation.
Along the lines of sight with a 5σ detection in 13 CO, C95a assume the 12 CO is optically thick and can determine T K . For subregions 4−7 with no star formation, T K is typically 6 − 8 K. In contrast, in subregions 1 − 3 with active star formation and optical HII regions the bulk of the material is found to be 6 − 8 K but the distribution has a warm tail reaching up to T K = 25 K. The kinetic temperatures (∼ 10 − 30 K) we derive from the NH 3 spectra are consistent with the warmer CO lines of sight where active star formation is likely occurring. C95a also determines the column density of H 2 along lines of sight with a 5σ detection of 13 CO. The subregions without star formation have N H2 = 1.0 − 1.3 × 10 21 cm −2 , while the cloud as a whole ranges from 1.2×10 20 cm −2 to 6.4×10 22 cm −2 . This is again consistent with our study, where we find N H2 (int) = 1.2 × 10 22 cm −2 . For the subregions which correspond to our groups, we can determine the fraction of mass in dense clumps. To do so, we compare M iso (int) with M LT E from C95a. The total mass of dense millimeter clumps is 1835, 4549, and 1973 M ⊙ for groups 1 − 3, respectively. The corresponding M LT E for subregions 1−3 are 3.5×10 4 , 5.2×10 4 , and 4.3 × 10 4 M ⊙ . We find 5.2%, 8.7%, and 4.6% of the total mass is in the dense clumps for subregions and groups 1 − 3, respectively. C95a find that 10% of the molecular mass traced by CO is contained in lines of sight with H 2 column densities greater than 10 22 cm −2 , similar to the mean column density of our clumps. This percentage is also similar to nearby, low-mass, star-forming molecular clouds Perseus, Ophiuchus, and Serpens, where < 10% of the total mass is in dense cores (Enoch et al. 2007 ). The fraction of mass found in the dense regions associated with star formation is very similar using different tracers as well as in high-mass and low-mass star-forming regions, two very different environments.
What is a BGPS source?
The BGPS is detecting thousands of sources which span a vast range of distances, and it is important to understand the biases and trends inherent in the data. In contrast to the inner Galaxy BGPS sources, the Gemini OB1 molecular cloud provides an excellent opportunity to characterize the clump properties without large uncertainties in distances. Two neighboring sources in the inner Galaxy could be many kpc apart along the line of sight, whereas the Gemini OB1 sources are all located at the same distance. Since we have an accurate measure of the distance to the Gemini OB1 sample we will use it as a starting point to understand the effects of distance on the derived properties.
The detection criterion for a BGPS source is equivalent to a 5σ detection within an area the size of a beam . This results in a minimum mass per beam, below which the emission will be lost in the noise or removed during the sky cleaning process. This minimum mass is given by Equation 5, with S ν =5σ, where σ is the RMS noise per pixel in units of Jy beam −1 in the BGPS image, D is the distance, κ ν is the dust opacity per gram of gas and dust, and B ν (T d ) is the Planck function evaluated at the dust temperature. Thus the BGPS is subject to the Malmquist bias: as the distance increases, the minimum mass to which the BGPS is sensitive also increases.
The minimum volume-averaged particle density to which the BGPS is sensitive is given by
where µ = 2.37, m H is the mass of a hydrogen atom, and Θ mb is the FWHM of the CSO beam at 1.1 mm (33 ′′ ). As the distance increases, the minimum mass increases (Equation 5), and the minimum density decreases (Equation 15) for sources smaller than the beam size, quantifying how BGPS observations are subject to Malmquist bias and beam dilution respectively. Similarly, if we allow the aperture size for photometry to vary at a constant distance, larger sources will have lower densities.
For the Gemini OB1 molecular cloud observations, σ = 0.37 Jy/beam, requiring S ν (beam)= 0.35 Jy for a 5σ detection. The corresponding minimum mass is M min = 20 M ⊙ at a distance of 2.1 kpc and T D =20 K. Thus the minimum density required to detect a beam-sized source after deconvolution in the Gemini OB1 molecular cloud is n p,min ≈ 10 4 cm −3 . Sources larger than the beam size can have densities lower than 10 4 cm −3 . The smallest BGPS sources could have the highest densities and may be the cores which will form individual stars, multiple star systems, or small groups, whereas the larger sources will have generally lower densities and are likely to be the clumps which will form stellar clusters.
In the inner Galaxy, the largest distance will greatly exceed that of the Gemini OB1 molecular cloud and the minimum density will be significantly lower. At distances greater than approximately 2 kpc, the BGPS is only able to detect clumps which will form stellar clusters, and not individual cores. Since the Gemini OB1 molecular cloud lies at 2.1 kpc, we may detect some cores as well as clumps.
SUMMARY
We present the image and catalog of the Gemini OB1 Molecular cloud complex from the 1.1 mm Bolocam Galactic Plane Survey. We observed NH 3 (1,1), (2,2), and (3,3) inversion transitions and 22 GHz H 2 O maser transitions toward 37 BGPS sources, as well as NH 3 (4,4) and C 2 S toward 10 sources with the GBT. We have obtained a detection ≥ 5σ in the (1,1) transition of 34 of the 37 BGPS sources, and a detection ≥ 5σ in the (1,1) and (2,2) transitions in 25 of the 34 BGPS sources.
We use a seeded watershed algorithm to extract the millimeter continuum sources from the BGPS maps. We find a mean FWHM of sources of 110 ′′ , or 1.12 pc at a distance of 2.1 kpc. We estimate the gas physical properties by fitting a simple model to all NH 3 transitions simultaneously. From these fits, we find T K = 20 K, and velocity dispersions ranging from 0.4 − 1.3 km s −1 . We calculate the non-thermal velocity dispersion, compare it to the expected thermal sound speed, and find a ratio of σ N T to a ranging from 1.5 to 4.2 with a mean of 2.6 ± 0.8. The velocity dispersions of all sources are dominated by non-thermal motions.
We calculate the isothermal mass for each millimeter source based on S ν (120 ′′ ) and S ν (int) assuming T D = T K from the NH 3 observations. We find M iso (120 ′′ ) = 230 ± 180 M ⊙ and M iso (int) = 250 ± 210 M ⊙ , where the error is the standard deviation of the sample. We also calculate the virial mass within the source size derived by the source extration algorithm under the assumption that the NH 3 emission traces the millimeter emission well. We find M vir = 190 ± 160 M ⊙ . The mean M vir to M iso ratio is 1.0±0.95. The total isothermal mass for the portion of the Gemini OB1 molecular cloud we have mapped is 8,400 M ⊙ , which represents 6.5% of the total mass seen in CO observations.
We also calculate the volume-averaged densities and find n p (int) = 5.9 ± 4.3 × 10 3 cm −3 , with the highest density being n p,max (int)= 1.7 × 10 4 cm −3 . The mean surface density of the full sample is Σ(int) = 0.048 ± 0.030 g cm −2 . We calculate both NH 3 and H 2 column densities and find mean values of 3.0×10
14 cm −2 and 1.0 × 10 22 cm −2 , respectively. We find a mean NH 3 abundance of 3.0 × 10 −8 relative to H 2 . The mean sizes, densities, kinetic temperatures and surface densities of the BGPS sources suggest they are cluster-forming clumps that contain the cores that will form individual or small multiple systems.
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